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[. INTRODUCTION

This report describes the work on r-f noise generation from the
electrical propulsion engine and plasma beams of space vehicles which
was carried out by the Hughes Research Laboratories during the pericd
24 June 1961 through 24 October 1961. The results of the work done
under NASA Contract NAS 8-862 are discussed.

The primary objective of this program is to determine the r-f
noise generated by typical plasma propulsion engines. In addition, the
effects of such r-f noise on communication with space vehicles is to be
evaluated. The program should yield information and criteria pertinent
to the design of low-noise communication channels. The importance of
the program is connected with the necessity of maintaining reliable com-
munications with personnel or equipment ou board a space vehicle.

During this igitial report period, the scope and main aspects of
the program were detailed. The types of noise expected were tabulated,
and it was found that a noise growth mechanism may possibly occur.
Dircctional effects on the noise radiation were listed. Operating param-
eters of the plasma engine which affect the r-f noise wcre determined, and
suitable typical values of these parameters were selected for quantitative
noise calculations. Models of the plasma wake and the space vehicle re-
ceiving antennas were considered and are pr=posed in this repnr*.

Onz of the mecin purposes of this initial analytical effort was to
obtain information to help guide the course of the future experimental
program. Therefore, plans for experiments were deferred until the
analytical information was available. During the past quarter, several
sources of r-f noise were investigated analytically; some results obtained
are presented here,
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II. OUTLINE OF PROGR.\M

A, TYPES OF NOISE
R-f noise generated by plasma engines may be subdivided into
two main categories: (a) noise common to all plasma engines, and

(b) noise occurring only in particular types of engines,

1. Noise Mechanisms Common to All Plasma Engines

a. Electron-~ion collisicnal radiation ~- This is often referred
to as bremsstrahlung. It is expected that this will be one of the dominant
radiation mechanisms.

b. Radiation from elastic collisions with neutral atoms — Both
electrons and ions can collide elastically with neutral atoms. The neutral
atoms constitute the background in space (or other engine environment),
or are ejected from the plasma engine as nonionized particles.

c. Accelcration radiation —~ Either ions or electrons or botn
are accelerated from thermal velocities to exhaust velocities by the
plasma engine,

d. Potential variation radiation — Electrons or ions radiate due
to acceleration in potantial variations in the plasma. These variations are
macroscopic and may arise as follows:

(1) Placma boundaries — An electron sheath is set up at
the edge of the plasma, which resalts in a potential well ac:ross the plasma,
This appears to be one of the dominant noise mechanisms.

(2) Elcctrostatic collective oscillations — Sich as plasma
oscillations, plasma boundary ripples.

(3) Mechanical collective oscillations -—— Such as acoust1ca1
waves set up by mechanical vibrations.

(4) Traps — These result as a combination of electrode and
particle potentials and arise from different causes in the various plasma
engines,

e. Recombination radiation — This is largely confined to optical
frequencies and probably ?Ioes not interfere with frequencies suitable for
communications,

f. Excitation radiation — This is largely confined to optical
frequencies.




g. Charge exchange radiation — This is possibly a substantial
noise mechanism in the r-f range.

h. Cathode shot noise — This arises from random emission
of electrons or ions frimn cathodes. The electron cathode shot noise
occurs in all plasma engines, whereas the ion cathode emission may be
absent in some plasma engines (Penning engine, for examnle).

i, Cathode flicker noise -- This depends on frequency as the
inverse square and shculd be negligible beyond audio frequencies.

i Dlack body radiation — This arises from hot electrodes or
surfaces internal to the plasma engine,

2. Noise Mechanisms in Particular Plasma Zngines

The plasma engines considered in this contract are the (cesium)
electrostatic ion engine, the Penning engine, and the r-f engine,

a. ion engine — This has no sources of radiation other than
those already mentioned. In this engine, trapping is caused by strong
potential wells created by the ion beam before neutralization and by
potential wells set up by the electrode system.

b. Penning engine ~— The internal magnetic field of this engine
gives rise to an additional radiation mechanism — cyclotron radiation.
Trapping in this engine occurs as a result of magnetic mirror action in
the inhomogenecus magnetic field. Because the rhagnetic fields are gen+
erally small, of a few tens of gauss,” both noise mechanism's "are expected

to be negligible,

c. R-f engine -~ In this engine, r-f fields are used to accelerate
a plasma. There may be leakage radiation from the power source and
from the r-f circuit. Also, r-f mcdulation of velocities or densities in the
plcema may lead to additional radiation. Power at this frequency is largely
coherent and does not constitute noise as such. However, communications
systems must discriminate against this frequency. Trapping can occur if
the r-f wave is synchronous or quasi-synchronous with the plasma motion,
Ions tend to concentrate in bunches, along the wave troughs, and so create
pctential wells,

3. Unimportant Noise Mechanisms

Other noise mechanisms exist which are unimportant for various
reasons., These are listed for completeness.

a, Black-body radiation from plasma -- The plasma ejected
from plasma engines generally is neither optically thick nor in thermal
equilibrium. Hence it deces not obey the black-body-radiation laws. The
various ccllisional processes considered replace the black-body radiation,
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b. Cyclotron radiation in space — Magnetic fields in space
are of order 10-%to 10-> gauss. Such fields give rise to negligible
radiation, inasmuch as a typical cyclotron radius is much larger than
typical piasma beam thicknesses.,

c. Cerenkov radiation ~ Fast electrons moving through a
plasma can give rise to Cerenkov radiation. The required velocities
are so large that only a very few electrons can contribute any radiation.

d. Alfven waves — Magnetic fields in space are so small that
no appreciable Alfven waves occur, Such waves would set up potential
variations in the plasma, which would lead to radiation.

e, Plasma osciliations ~ These are longitudinal, body, oscil-
lations, which do not radiate any energy. However, magnetic fields,
densgily fluctuations, and other mechanisms may couple the plasma
oscillations to transverse waves, which can radiate energy.

B. NOISE GROWTH MECHANISM

The plasma beam ejected from most plasina engines counsists of
essentially monoenergetic ions and of electrons with a spread of velocities
but presumably having the same axial drift velocity as the ions. A
double stream instability may develop, the exact nature of which depends
rather critically on the precise form of the electron velocity distribution.
This velocity distribution is not at all well known in present plasma
engines. Conditions near the exhaust plane apparently iavor the onset of
this instability, whereas conditions far downs ream along the plasma
beam are apparently unfavorable for the instability,

If the plasma beam has a definite end from which electrons or ions
can be reflected, then multistreaminy, of particles occurs, and it is likely
that the double stream instability sets in.

The instability may amplify broad-band noise by a small amount,
as well as amplifying a narrow frequency range {and its harmonics) by
a large amount.

C. DIRECTIONAL EFFECTS ON RADIATION

1, Directional Emission of Radiation

The collisional radiation is a dipole-type radiation. Acceleration
radiation, resulting from plasma engine poteutials, is also dipole radi-
ation with a well-defined direction, Radiation by acceleration in electro-
static potential wells or magnetic mirrors is also essentially dipole
radiation. Since the ions normally have a well-defined direction, radiation
from them is strongly polarized. Electrons usually have thermal velocities
which are large compared with their directed velocities and should radiate
isutropically,



2. Collimation of Internal Radiation

Radiation emitted inside the plusma engine is collimated in
escaping outside. Sucl. radiation is strongly directed into the plasma
beam and away from the space vehicle. This directivity is modified by -
the fields induced upon, and reradiated from, the electrodes.

3. Directional Effects of the Plasma Beam
a. Dielectric focusing — The plasma acts as a negative

dielectric to certain frequencies, The variation of electron density in
the plasma besam causes focusing of these frequencies, For the conical
plasma beam model, low frequencies are strongly focused directly away
from the space vehicle,

b. Selective attenuation — Some frequencies can >ropagate
freely through the plasma. Waves of these frequencies are ittenuated in
propagating through the plasma. Usually the plasma is muc: longe - than
it is thick; therefore, more radiation escapes in the radial direction than
along the plasma beam axis,

4, Noise Source Extent and Location

The extent and location of the noise source togeiher with the pattern
and axial direction of a receiving antenna affect the fraction of the total
noise that can be detected by that antenna, As the nlasma beam resembles
a line source of radiation, this results in a lar:: :2du:ction in actual ar--
teana noise for a particular model censider:a,

D, NOISE PARAMETERS

l. Important Parameters

a. Density of all particiz types.

b. Velocity, directed ans :cermal, of all particle types«.

c. Temperature of all hot, solid surfaces ia plasn.a ' : .a=,

f:i. Potential variation in acccicratiou regions of w.=. v« engine,
e. Dimensions and shape of plasraa »eam.

f. Types of particles.

g. Receivirg antenna radius.
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2, Typical Parameter Values

Reasonable estimates of most of the parameters can e made for
all types of plasma engines, The parameters below correspcnd to pos-
sible values ‘or the cesium ion electrostatic engine. These parameters

generally r .

alt in maximum values ¢f noise radiation and are the values

used in quanrtitat.ve noise estimates. Hence, the noise powers quoted are
usually cverestimated,

a.

Electron or ion density: 1016/m3 at engine exhaust plane,
Atom density in space: 106/m3,

Nonionized neutral atom density from engine: 2.7 x 1017/m3
at engine exhaust plane.

Electron or ion directed velocity: 1,20 x lOJmeters/sec
(corresponding to 10 kv cesium ions).

Ions and nonionized neutral atoms, thermal velocity:
4.82 x 102 meters/sec (corresponding to 12000 K cesium
ions, atoms). 6

Electron thermal velocity: 1.325 x 10 meters/sec
(corresponding to 5 volts).

o . o
Fot surfaces in ion engine are electrodes at 1207 K,

Ion potential differences of 20 kv and 10 kv with field
strengths of 1. 325 Mv/meter and 2.86 Mv/meter
acceleration and deceleration regions (ion engine).

At engine exhaust plane, plasma with annular shape 0,001
meter thick and 0. 075 meter mean diameter. A cluster of
2z engines is assumed; thus the total ion current is

10 amperes. If an equivalent cylindrical plasma is used for
the engine cluster, its initial radius is 0. 129 meter,

Cesium ions and neutral agoms from engine.
Hydrogen atorns in space,.

Receiving antenna radius: 1 meter.



III. MODELS
A. PLLASMA WAKE MODELS

Models wre proposed for the charged particle deansity variation
in the plasma. The charged particle density has important effects on
noise generated in the plasma, as well as on the noise growth mechanism
and plasma diractive effects,

Thermal effects, instabilities, and microscopic lack of neutrali-
zation all cause expansion aof the plasma and a resultant density variation.
Because of its over-all neutrality, there is no macroscopic space-charge
spreading of the plasma.

Only thermal expansion is considered here., The mean free path
{in the background space gas) of plasma particles is appreciably larger
than the initiai plasma thickness. Under these conditions, thermal
expansion is caused by free expansion rather than by diffusion into the
space gas.

The axial velocity (z velocity) of the charged plasma particles is
given by the drift velocity of the ions at the engine exhaust plans., If the
plasma expands at constant radial velocity and has uniform density over
any crcss section, th:en the proper model of the plasma is a (truncated)
cone., This model is now justified.

Consider first the radial velocity with which the plasma expaunds,
It is sufficient to consider the expansion of a long cylinder of plasma.
Let the cylinder~ have initial radins 1. The ions of mass M all have
the sam.e radial velocity v, and the electrons of mass m all have a
radial velocity v'. Ignore collisions, Then, at a long time t later,
the plasma is uniformly dense in an annular cylinder of thickness 2r
and mean radius vt where

This follows from conservation of momentum and simple geometrical
- considerations. Ordinarily,

v o> ﬁv'
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so that

The plasima expands witt nearly the ion radial velocity,

Collisions do not significant affect the results provided that v
is only slightly changed in & distance r.

Now consider a Maxwellian distribution of ion radial velocities.
The normalized density of particles at a radius R, after expansion, is
nearly given by

u V/2  -MR%/2KTt? R>>r
e
n(R,t) = <__> ‘ 2Rt '
, 1/2
M
t 2> ("ﬁ')

wkT
Here, k is Boltzmann's constant and T is the temperature, Observe

2k \!/2
that v = | = is the transverse part of the ion rms thermal
. s . . . .
velocity. The norinalized number of particles in an incremental
area of the cross secticn is

R% /2kTt?

M 1/2 oM
n(R,t) Rdrd8 = (—;ET-) 5T | drRd6 .

Essentially, this is independent of R outto R = vt and zero there-
after.

These considerations justify a model for the plasma in which the
radius grows linearly with time as vt and which has a uniform particle
density (in Cartesian coordinates, where metric coefficients do not
obscure the behavior or notation) over its entire cross section.

The situation for the growth of an initial cylindrical plasma is
illustrated in Fig. 1. The ions have an axial velocity of vy >> T. If ng
is the initial density at the exhaust plane, z = 0, then the é)ensity n(z) is

n(z) = n
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An '"end'' can be ascribed to the plasma when the ~harged particle
density reaches the background density ng. This gives

2
/"v

S o SUW)

‘7<n0\1/2 Yo / o, \ (o)
A = —_ -1 R =~ R
max L nf/ Vi an / v
(no \1/2
r L= —- R
0 max \ nf)

and a persistence time for the plasma

Typical values of Z hax' ‘o max’ and At are

3.27 x 106 meaters

1.29 x 10% meters

H
]

0. 268 second.

2
i

All these are measured from plasma engine coordinates.

The above results apply to a plasma initially cylindrical in shape.
If the plasma has an initial anaular cross section, then it grows as
shown in Fig, 2. After a suificiently long time, it attains a conical out-
line with almost uniform density so that it approaches the model shown in
Fig. 1. The density for this model is asympotically given by

n(z) = n ‘4§‘ L
° <l + ZVTZ>
v D
o

10
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A cluster of engines merely scales the eventual Censity by the
number of engines.

B. MODEL FOR POWER RECEIVED BY SPACE VEHICLE
ANTENNA

Noise generated in-the plasma engine enters the plasma beam
(exhaust, or wake), where it can freely radiate along with all the noise
generated in the beam itself. An antenna aboard the space vehicle does
not receive all the noise power in the beam because only a certain por-
tion is directed toward the antenna.

If the radiation is largely caused by electrons, the distribution
of radiation is nearly isotropic. This seems to be the case for the
radiative processes already studied.

The plasma beam resembles a line source of radiation to an

antenna on the space vehicle, According to the conical wake model, the
v
1 T

plasma is subtended in an angle about the axis of 6_ = tan’
o

This is typically about 0. 004 radian.

The reduction factor, defined as the power received by the an-
tenna divided by the total power radiaied, is now estimated, according
to the following model.

Consider a line source, every point of which radiates isotropi-
cally. An element dz radiates an amount of power P(z)dz. A
circular antenna of radius Rp lies in the x, y plane with its center at
x =y = 0. The source extends along the axis of the anteana from

z=0 to z=1.
The power received at the antenna from an element of the source

1s

dP = [p(z)dz] ‘flff) :

where
tan—l(RA/z) 21
Q(z) = J sin6d o fdg‘

12



is the maximum solid angle subtended by the antenna at the element
z. Solving,

L

P(z
vT f é)tl' S N/Z
(R +z>

° A

dz

For the special case where the source radiates a total amount of
power Po uniformly over its length,

R

&
g
i

Ra

R. F. x 77 ford >> R,

The model can be justified for the conical wake models more
rigorously, but this is not done here.

Many noise mechanisms depend on the electron density, or the
ion density, but not on both. These processes radiate nearly uniformly
over a certain length. Taking an antenna with a radius of 1 meter and
a length corresponding to the '"end'" of the plasma gives a reduction
factor of 1.55 x 10-7. The reduction factor is quite significant 1n
reducing noise at the receiving antenna.

N\ 1/2
R
. p _ Ra 1 A
reduction factor = ?o— = —27— + 7 l‘l -<l +-—.—2.>

13
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IV. ACCOMPLISHMENTS DURING REPORT PERIOD

Several types of noise were investigated. The noise was initially
calculated according to approximate models. Two types of noise were
found to be significant, and these were subjecced to refined calculations,
These two types of noise are treated in some detail here. Only a brief

summary of the other types of noise is given.

A. ELECTRON-ION COLLISIONAL RADIATION

1. Single P_a_rticle Results

The ion is assumed to be singly charged and to have infinite mass.
An electron is scattered through an angle

where

c
il
Na]

o]
4e omv

b = impact parameter

q = electron charge

v = asymptotic relative velocity of electron to ion
€, = free space permittivity.

Only the more important long range collisions, b > bo’ are trcated here.

Let the ion be located at y = z = 0, and let the electron come
closest to the ion at time t = 0. The electron coordinates for leag range

collisions are approximately

y:vltl z=Db

Only the z-component of electron motion contributes to the radiation. The
z-component of electric field of the ion which acts on the electron, causing

z-directed motion, is

14



E - 4q 4 ~ > q})
2 me ) / 4e O(b + vztz) 3/¢

2
o (z" +vy

The z-component of electron acceleration is

zZ = v = -3 g
m

zZ z .

Now the electric field induced by a slowly moving electron at a long
distance R is

-

< /
Cly = ale-Rpe)
4TrReoc

Here c is the velocity of light and t - R/c accounts for the finite propa-
gation timea of the effect. .

The real time variation 'is~ unimportant here; only the frequency
spectrum is of interest. Taking the Fourier transform,

-

® - .
Slo) = j Gty e“tat ,
(ZTr) -5

yields for the case here, ignoring a phase factor, 6

R 1 T K <wb\< o <w<oo
i (zm/? snfelmrc® VF ! !

where K 1(x) is a modified Bessel function of the second kind,

The power flux in real frequency space is

Sw) = 2¢c 1€8w)|® ., o< uw< o

15
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and

’pe(w) = - sin® ((:Z\'w)

.

The energy spectrura is
2w
Wiw) = f
o

while the radiated energy is

ki
f S(w) R%singdg
(o]

@
W = f W(w) dw
o

Solving, the results for a single collision are

Wiw) = q6 [92 K (ﬁ)] joules
24“4 3C3?anZVZ | v 1 v radian
q6
w = v e joules

2567 m €. b v

2. Density Results

An electron with impact parameter in the range (b, b + db) makes
dN collisions with stationary ions in one second, where

dN = 2wbdb n.v

and n, is the ion particle density. Hence, the radiated power and power
spectrum per electron are

—Pe;(w)

2 max We(w)
[ dN

pe b __. ' We -
min



Sir.ce there are n_ electrons per unit volume, the radiated
spectral power density and power density are simply the above results
multiplied by ng. Also, in terms of frequency,

pPolw)dw = p (2wf)2mdf = p_(f)df

so that

max
p(f) = 2mn, W (2rf) dN
min

The upper limit on the integrals corresponds to a shielding distance,
taken as the Debye length, hd:

chs0 1/2
l'ld =\ 2 meters.

neq

Here, T is the electron temperature.

The lower limit corresponds to failure of the approximations used
— that is, the collisions become short-range collisions involving large

energy transfer. Either a classical cutoff, bmin = bo’ or a quantum
mechanical cutoff b_ . = h_ (h is Planck's constant) may be used. The
min = mv

classical distance is used here as it is larger than the quantum mechanical
distance.

The integration for the power spectrum density can be done exactly;
however, the result is complicated and its properties are obscure,
Instead, an approximate integration is performed.

The final results are

6n 4r1 n v
p = q i e - d 1 e watts
128nm2e32 ) 32me2 > m3

o} c c

17
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qén n
. i'e tt
i plf) = > ; 37 g(f) _w2s
: br e c m' v cycle - m
i o
where
: g(f) = In + 0<f<f
f -2f/%
2 . wm -2 = TN |
< In4 + g€ - e f< i<,
-2f/%
L o2
\ ‘E € f2< f
£ = M £, =
v 1 - ZTl'Ed 72 T 2nb
o

J The spectrum is flat out to f , decreases slowly out to fz, and cuts off
i rapidly beyond fz.
3
- 3. Plasma Wake Results

n. Using the conical wake model

For the plasma wake, n, =n
shown in Fig. 1,

n:no <———v't-[‘-z—'—>-z s

where 11'R2 is the initial area of the (cylindrical) beam.

The resulis for the entire plasma are

b T j< W) T |

18



If the variation of n, inthe Debyelength is ignered, the
results are

2 2 2 2
q4n v Vo‘n'R3 4y nv RI
P - o = - wat.s
32m Zc:3v 22m dc3
. €, T *ome | VT
5 T
q noRl . watts

P(f)

) g(f) <ycle ’

where I 1is the ion current.

Consideration of the variation of D in the Detye lergth intro-
duces miunor corrections in g{f) which areunimportant.

4, Reduction Factor

The axial variation of noise power is

. V2
cm R<“ ﬁ)
P(z) = j f © Prdrdg?f

o o

The reduction factor is

-

(o o]
— l v, - Z
R.F. = -2—15—' f P(L) 1 > > 1/2 dz
o (RA+ z)

Again, using the conical wake model of Fig. 1 and solving yields

v R v R
R.F. = —— A , provided I _A << 1
o Yo R

The condition is usually true.

19
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5. Noise Temperature

An equivalent noise temperaturc is defined for the piasma as the
temperature at which the Johnson noise in a resistor is equal to the noise
in the plasma per cycie bandwidth:

: - P(f)
rn = =2t

The maximum noise temperature occurs in the region 0 < f < f and is

5
q n IR f
° lr -f"% ] OK .

Tn(f)max 2 33 2
6 e c m vv .k
o T

6. Quantitative Results

Using the numerical values given in Section II-D and the cylin-
drical conical wake model yields, for a 10-ampere cluster of engines,

total radiated noise
P = 2,16 x 10-5 watt
frequency at edge of flat portion of spectrum

f1 = 1.55x 109 cps

cutoff frequency

5

£, = 1.47 x 101 cps

2
maximum plasma noise temperature
o
T = 1652"K
2
reduction factor for receiver noise power and temperature

R.F. = 0.0254
and

P xR.F. = 5.49 x 10" ' wat

]

T _xR.F. 42°k .

20



B. RADIATION FROM ACCELERATED ELECTRONS AT THE
PLASMA BOUNDARY

The electron is reflected from the electron sheath at the boundary
of the plasma and in the process of reflection radiates (noise) energy.
Ions also are reflected, but their contribution to the radiation is negli-
giblz compared with that of the electrons.

1. Single Particle Resulis

Suppose that the interior of the plasma beam is field free and
that each electron is reflected from the sheath in a time T . Fig. 3
illustrates the process. Assume that the acceleration is constant during
the time 7 ., The acceleration is

v!
T

Gy )

Here, v' is the rms electron thermal velocity in the radizl direction.
The radiation formulas for a uniformly accelerated electron are well
known. ® The power radiated per collision is

vl

2 2
o - 9.2 . T T
Pt = At 7 Sts3
bwe c
o
The energy radiated per collision is
w o 2%’
3me of T
The frequency spectrum of the energy is
5 . ,
W(f) = 49 (V')Z <Sln‘ﬂ'fT 2 joules
3 it cycle - collision

37e C
o

21
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The s _ctrum is essentially flai out to f = 1/r and can be considered
zero thereafter:

£ <1/
£ >1/T

2,2

win = )
3me C

[0}

"
o e~

2. Density Results

Suppose d_ is the radial distance between boundary sheaths. For
a cylindrical plasma, d_ is the diameter; for an annular plasma, dg is
the annular thickness. CAn electron of radial velocity v' makes v'/d,
collisions with a sheath in 1 second. The number of electrons per unit
length, for any plasma beam cross section is

Ne: fr !
3 qv,

where 1 is the ion current. The number of collisions per second per unit
length is

I v' collisions

N =« ——— —_
qv d sec - meter
o o)

The linear power dersity and spectrum are now

P(z) = Z_qI(V')3 watts
“r = 3 meter
3me cvdrT
o oo
s 3 : 2
B(f, z) = 4qI(v') sinwfT watts
! - e ch d nfT meter - cycle
o oo
4qi(v')> 1 £<) /v
P(f,z) & — gl
31reoc Vodo 0 f>1/+
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3.

Plasma Wake Results
The radiation is dependeni on the exact thickness of the plasma,

Results are given for the two plasma models illustrated in Figs. 1 and 2,
is considered as well.
—- The value of T is approximately

The variation of T
Variation of +

a.
1
_ hcjl B h d ( %o
T = ;"—
where h'; is the value of h, atthe engine exhaust plane.

Cylindrical conical wake model (Fig. 1) — Here,

VZ
T

2R<1+ - R>
o

b.

watts

The exact frequency spectrum can be obtained only in terms of
tabulated integrals, However, an approximate spectrum is obtained when
the approximate value of P(f,z) is used, This spectrum is, where

£ = vi/hy o,
2q1(v)>

P(f) » <) n
cv

37e o T
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This overestimates the results in its range. Also, it can be shown that
for any f

2
1 3 f
P = -, (—fi)

3w eoc VT

This last formula is most useful for f > £

For f =0, both formulas diverge;, if z ax is taken to be the "¢ d"
of the plasma, rather than infinity, a finite re sult 18 obtained:

3 n
1
P(o) vl 2
31're°c Vi f
c. Annular conical wake model (Fig, 2) — The outerand inner radii of
the annulus varies as
B 7
_ D+d L 2v,..z
T2 = 72— v (D ¥ d)
L ° .
. D-d L ~2.sz
1 2 vo(D -d) |°
L -
The inner radius becomes zero at
. vo(D - d)
1 ZvT *

For z >z, the inner edges of the plasma come together, and
the sheath constituting the inner boundary disappears. For z > z,.
assume that the plasma is uniform and obeys the conical wake model,

The radial distance between boundary sheaths is
Ty, - Ty z L z,

L«Zl‘z Z>Zl N
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The plasma density varies as

n(Z) = ——7‘7-‘:—[1? Z < Z1
T
4Dd 1
n(z) = ng ) z > z;.
(D+d) Zsz
1+ v (D¥q)
[e's}
f dz v Vo 1 1 d)l/z _ v Vo
JIFF = P - 55 e
J R Z\D by Vo
since d << D. Hence
b . _2allvi .
3we, -~ vTh('i

This is twice the re sult of the previous model., Likewise, there is no
major change in tke frequency spectrum.

d. Conclusions as to models -~ The initial thickness of the
plasma cancels out 1n both models and so is unimportant. The quantitative
results for the two models differ b, a factor of about 2, which is in-
significant compared with other approxirnations., -Either model may be
used with no great error.

4, Reduction Factor

For the present case, .the reduction factor is

(o 0]

o1 j dz [, _ z ’
2 &o'r (Aé ‘Z>1/2J
4] , RA+z
R.F. = %
dz
d T
o
o
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Using the conical wake model of Fig. 1,

vp Ry . VrRa

v R’ VRS <<
[o] o]

R.F. = |

5. Noise Temgperature

The noise temperature is defined as in Section C. The maximum
noise temperature occurs for f = 0,

3 n
1
Tn(f)ma.x = qI(V3) ln no :
3me c v K f
(o} T
Using a more rigorous analysis, it can be shown that
£ 3
T <1> - _auvl). [0. 237 }
n Z 3
3me ¢ v k
o T
C1I(v')3
T (f,) = 0, 0642 .
nl 3
3me c v .k 4
o T

b, (Quantitative Results

Again, the numerical values of Section II-D are used with the
cylindrical ~oniral wake model, The rersults are given for a 10-ampere
cluster of engines:
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total radiated noise

P = 1.81 x 10‘8 watt

approximate cutoff frequency

f, = 2.54x10° cps

noise temperatures

T (0) = 3,92 x 10° °k
n nmax
T (£,/2) = 4.04x 10? °k
_ 40
T (f;)) = 1.10x 10" °K
reduction factor = 0,0254
= 278 °k .

R.F. x Tn(fl)

C. ION-NEUTRAL BACKGROUND ATCM COLLISIONS

Ions of mass M, and initial velocity v_ collide head on w''h
stationary atems of mass Mj,. The collision i€ assumed to be impulsive
(6 function). The frequency spectrum is flat out to a cutoff frequency

2. 2
. . _OKE MMy,
1 h h(M, + MZT[

where AKE  is the change in the ion's kinetic energy.

Each ion is assumed to make exactly W/AKE  collisions, where

W is the initial ion energy. The results are

M M2V4

P = 2ql 3 1 20 >  watts
31'reoc h (M1 + MZ)

2
M,v
I \ 20 watts
P(f) = 4 < > , 0<f<§
<31re 03/ M, cycle 1
o
_ B
T (0= —L .

28



As typical examples,

P = 5,57x 10'9watt
£ = T.17x 1018 cps
T_(f) = 5.64x 1073 %k |

Also, the reduction factor is about 10-16.

D. CATHODE SHOT NOISE

Electrons are assumed to be emitted randomly from the cathode.
The acceleration is taken as an impulse (delta function) with the velocity
after emission equal to the rms theriaal velocity corresponding to the
cathode temperature T.. The energy spectrum is flat out to a mavimurm
frequency set by quantum limitations.

The results are

3qI(kT_)°
C-
P = T
2me ¢~ mh
o
3kT
fog .0 = <
cuforf Zh
qIkT
P(f) =
Te _mc
o
- I
T (f) = <——£L—_5> T, -
- \\we_mc
o
As typical examples -9
P = 1.45x10 ~ watt
Coe 13
fcutoff = 3,75x 10" " cps
T () = 2.82°K .
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E. ION ACCELERATION RADIATION

In the cesium electrostatic ion engine, ions are first accelerated
and then decelerated before leaving the engine, It is assumed that the
electric fields are constant .a each of these regions, The field is taken
as the known potential change divided by the shortest length between
electrode surfaces, The 10on acceleration is uniform in each region. The
currenrt pulse in sach accel~ration region doe~ ..>t have 2 flat spectrum,
but the spectrum is nearly flat out to a cutofs {requency.

Written in terms of ion acceleration and velocity change,

gl (Bv)a
P = °
bwe C
o
2
2
P(f) = at,(av) sinn'fAv/a)
- 3 mfAv/a
3me _c 4
o
a

f cutoff = v fl.

Tn(d)

As typical examples, for the acceleration region

P = 4.12x10‘17 watt
fl = 8x106 cps
. [o]
nmax = 0748 K ,

while for the deceleration region

P = 2,60 x 1017 wait
fl =. 5.89x 107 cps
- [0
nmax - 0.0639 'K .
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V. PRELIMINARY CONCLUSIONS

Two impeortant noise mechanisme have been found., These are
radiation from electron-ion collisions and radiation from electron-bound-
ary sheath collisioas.

Various effects exist which reduce the noise seenty a receiver
abcard the space vehicle. One major -ffect is that the plasma appears
to radiate as a iine source seen end on.

Many of the noise mechanisras studied have a frequency at which
the noise per cycle bandwidth begins to decrease, either gradually or
very sharply. This frequency is essentially the electron plasma fre-
quency at the plasma engine exhaust plane.

Comrmunication systems snould probably be operated above the
initial plasma frequency. In this frequency range, there is a reductior
in plasma noise, and also the dielectric properties of the plasma have
less e¢ffect on antenna patterns.

If 2 communication frequency equal to the initial plasma frequency
is chosen, the maximum plasma noise temperature for that frequency
thus far determined is about 11, 000°K. Whenthe line source effect is
considered, the maximum receiver noise temperature at the same fre-
quency is about 280°K., [ hese calculaticns are for a hypotbetical, but
possible, engine. The cesium ion engine currently under development
by the Hughes Research lLaboratories would have temperatures approxi-
mately 1/25those quoted.

2 roise growth mechanism may possibly exist. Further analysis
is needed to ascertain this. The models of the plasma proposed here are
inadequate for study of noise growth. If analysis does indicate noise
growth, experimental evidence for its actual existence must be established.
Only then caun its importance be determined.

Unless a noise growth mechanism does exist, the noise scurces
already considered constitute no serious barrier to reliable communi-
cation systems,
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VI. EXPERIMENTAL PLANS

No definite plans can be established until further analysis is
available to guide the experiments. Any noise growth mechanism will
greatly complicate experimental measurements. Some suggestions
about possible experiments and some considerations on experimental

complications are given here,
A, EXPERIMENTAL COMPLICATIONS

The experimental phase of the noise nrogram is to be conducted
on the (cesium) electrostatic ion engire. The test engine is mounted in
a metal vacuum chamber. Because of the ccnfined surroundings, the
noise gznerated in this system may differ significantly from that en-
countered in a real space environment.

1, Cavity Effect

Radiation striking the chamber walls is not completely absorbed
tproper space simulation), but is largely refiected. The radiation
energy in the chamber rises to about (¢ /Sweg)l/2 times the radiation
energy in the same volume in free space. Here ¢ is the wall conduc-
tivity at radian frequency w. The losses on the outer surface of the ion
engine must also be ir ~orporated into this effect. At 107 cps, for
coppe~ walls, the above factor is 1.14 x 104, The cavity effect gives
large apparent powers in any noise measurements.

The cavity effect also destroys any directive effects of emitted
radiation and leads to an isotropic, homogeneous radiation flux.

The amplitude effect of the cavity can be calibrated by using a
known noise source ‘n the chamber and measuring the power received

by a detector.

2. Background Gas

.Gas in space is largely hydrogen at a particle deasity of about
106/m3. In the vacuum chamber, the gas is initially air at about 1016

to 104 particles/m3. For comparison, the initial plasma beam particle

density is about 1016/m3. After prolonged ion engine operation, the
neutral cesium atom level will approach the background density.

The high neutral atom density, compared with the beam
density, makes diffusion effects important. This modifies the rate of
expansion of the plasma beam aad thus affects the generated noise level,
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The kigh neutral atom population causes a large increase in the
density of neutral itom collision radiation over that occurring in space.
However, the actual total power decreases due to the short length of the
plasma beam.

3. Length Effect

The noise generated due to different processes depends on the
length of the plasma. In the vacuum chamb<:r, only a short lergth of
plasma, several meters, is available. This typically reduces the actual
noise power generated by factors of 10-3 to 10-4, compared with the
noise powers given in Section IV,

4, Collector Effect

Charged particles impinging on the collector give rise to deceler-
ation radiation. Also, secondary emission of electrons and ions occurs.
These secondaries interact with the plasma beam and neutral particles
to cause additional radiation. These effects are absent in space, where
no collector exists.

In addition, electrons reflected or emitted from the collector
coatribute to and participate in any double streaming and noise growth
mechanisms.

B. POSSIBLE EXPERIMENTS

1. Quantities to be Measured

Based oun the conditions existing in space, the following items
should be measured to test the analysis.

a. power spectrum
b. directional distribution of emitted radiation
c. variation of spectrum along the plasma beam.

The last two items require movable detectors inside the vacuum chamber.
However, the cavity effect, if uncompensated, will make items b and ¢
unmeasurable,

Essentially only the power épectrum can be measured, and the
cavity effect distorts these resalts.,
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2. Freauency Range

The analysis to date indicates a flat spectrum out to the plasma
frequency corresponding to the initial plasma beam particle density,
about 900 Mc. Above this frequency, the spectral amplitude should
decrease. The power spectrum should therefore be measurasd between

500 Mc and 3000 Mc.

3. Equipment Sensitivity

No detailed analysis has been made of the equipment needed. The
power received by a detector mounted in the vacuum chamber is increased
by the cavity effect, decreased by the short !~agth of plasma available,
and decreased somewhat more by having cnly one ion engine available, and
not a cluster as assumed in the earlier quantitative results. It is expected

that these effects nearly cancel each other.

An order of magnitude estimate indicates that receivers with noise
temperatures less than 3000K are needed .or spectral measurements in
the 500 to 3000 Mc band.

34



VII. Z2PLANS FOR NEXT QUARTER

The following items will be treated, time permitting:

1. Investigation of noise from recombination and from charge
exchange processes. This seems to be the only large remaining noise
source.

2. A study of the possible noise growth mechanism.

3. Initial planning o1 experiments to test the validity of the
analytical conclu-ions.
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